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Abstract: The Caribbean has been experiencing beach inundations of pelagic Sargassum, causing 
environmental, health and financial issues. This study showed variations in the composition and 
methane potential (MP) between the species of Sargassum. The MPs for S. natans VIII, S. natans I 
and S. fluitans (145, 66 and 113 mL CH4 g−1 Volatile Solids) were considerably below theoretical 
potentials, possibly due to the high levels of indigestible fibre and inhibitors. The mixed mats 
Sargassum composition was substantially different from the individual species, being higher in ash, 
calcium, iron, arsenic and phenolics. The mixed mats produced no methane, perhaps due to the 
high levels of phenolics. There was a strong correlation between MP and phenolic content. Heavy 
metals and metalloids were at levels that should not cause concern, except for arsenic (21–124 mg 
kg−1 dry weight). Further work on the speciation of arsenic in Sargassum is required to fully 
determine the risk to health and agriculture. Both protein and lipid levels were low. The 
‘indispensable amino acid’ profile compares favourably with that recommended by the World 
Health Organisation. Lipids had a high proportion of Polyunsaturated Fatty Acids. The use of 
Sargassum for biogas production could be challenging, and further work is required. 
Keywords: Sargassum; S. natans; S. fluitans; anaerobic digestion; biogas; Turks and Caicos; 
Caribbean; Golden tide; seaweed; arsenic; phenolics 
 
1. Introduction 
The beaches of the Caribbean have been experiencing increasing inundations of large masses of 
seaweed, primarily pelagic Sargassum (S. natans and S. fluitans) over the past decade [1–6]. These 
inundations have environmental [3,4,7], health [8,9] and financial implications [2,6]. The Caribbean 
region is highly dependent on tourism which provides over 15% of GDP and 14% of jobs, with a 
tourist spend of US$ 31.4 billion in 2016 [10]. The Caribbean Council has reported that Sargassum is 
not only a concern for tourists, with tourists avoiding resorts affected [11], but also potential investors 
in tourism [12]. Tourism in Solidaridad, Quintana Roo, Mexico, dropped by as much as 35% during 
recent Sargassum inundations [13]. Sargassum inundations have been described as “an international 
crisis” and “the greatest single threat” to the Caribbean [6,14,15]. 
The removal of Sargassum from beaches or the prevention of it reaching the beaches can be very 
costly. The owners of large hotels in Quintana Roo spend around US$ 54,000 per month to keep the 
beaches clean for tourists [16], and US$ 3.5 million is the annual cost of removing Sargassum from 
the 32 miles of public beaches on Galveston Island [17]. The cost of cleaning beaches on the Mexican 
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Gulf of Mexico is ~US$ 5 million, and the estimated cost to remove the Sargassum inundations across 
the Caribbean is US$ 120 million [14,15]. The Caribbean Sea Commission [18] suggest the need for 
research on commercial uses of Sargassum to counter the threat of the Sargassum seaweed. 
Commercial sustainable exploitation of this biomass for food, fuel and pharmaceutical products 
could fund clean-up and offset the economic impact of Sargassum inundations [2,4,6,19]. The 
potential uses of Sargassum have been reviewed by Milledge and Harvey [2]; however, current 
commercial exploitation is limited [2,6]. 
Seaweed is a potential source of biofuel, but one of the major challenges is the high moisture 
content, the high energy input of drying make processes that require dry biomass (direct combustion, 
pyrolysis and gasification) energetically challenging [4,20–24]. Anaerobic digestion (AD) uses wet 
biomass to produce biogas, a mixture of gas consisting primarily of combustible methane and 
incombustible carbon dioxide. It is a relatively simple process in engineering terms and the process 
of choice for biomass with high water content, such as seaweed [25,26]. Most seaweeds are considered 
as suitable potential substrates for AD [22,27]. Nonetheless, the methane yields from the AD of 
seaweed vary widely due to variation in species, location and seasonal chemical composition of the 
biomass [27–29]. 
Although there have been some studies on the AD of Sargassum muticum and other benthic 
species of Sargassum [30–33], there has been little work on the methane potential of pelagic 
Sargassum [2,6,34]. A small-scale pilot study by the Caribbean Council and the Centre for Process 
Innovation (CPI) was funded by the Foreign and Commonwealth Office (~£33,000) to investigate the 
Sargassum problem in the Eastern Caribbean States of St Lucia and Grenada [34]. The experimental 
work was limited to one sample of Sargassum collected from a beach in St Lucia that was around two 
months old and dried through exposure and was far from ideal. The sample was also repeatedly 
washed in fresh water, a process which may not be commercially viable and has significant effects 
on biogas production [33]. The report concluded that more practical work has to be done [34]. A more 
recent case study using the results of CPI [34] on biogas production from Sargassum on Barbados 
concluded that further work on AD of Sargassum is necessary to potentially provide an “eco-friendly 
and economically viable solution to its recurring influx” [6]. 
A potential problem with the use of Sargassum and other seaweeds is that they bioaccumulate 
metals and metalloids [35–37]. Although there has been some use of Sargassum for fertiliser, the use 
of Golden-tides for fertiliser, feed and food may be limited by heavy metal accumulation in seaweeds 
and pollution [4,20,38–41]. High levels of heavy metals also have implications for AD. Digestate 
residue from AD rich in metals are problematic for disposal and use as fertiliser [42]. However, there 
has been little research on levels of metal and metalloids in pelagic Sargassum [43]. 
Turks and Caicos, as with many other Caribbean islands, is highly dependent on tourism [44]. 
In 2018, there were over 1.4 million visitors to the islands, and hotel, restaurants and accommodation 
accounted for ~73% of the GDP [45]. It is one of the most “gravely impacted” nations in the Caribbean 
from Sargassum inundations [39]. Although Sargassum is removed from the beaches to improve the 
tourist experience, it does not seem to be exploited at scale and often ends up in landfill [46]. This 
study examines the ultimate and proximate composition of Sargassum stranded on the beaches 
together with its heavy metal content and methane potential. It is believed to be the first study to 
examine Sargassum from Turks and Caicos in this way. 
2. Materials and Methods 
2.1. Sample Collection and Preparation 
2.1.1. Sample Collection 
Samples were collected from Shark Bay, South Caicos, Turks and Caicos (21.491N, 71.503W) on 
23 June 2019 under Turks and Caicos Scientific Research Permit 19-06-02-21. The seaweed (Sargassum 
and any associated material) was collected nearshore before stranding on the beach. The samples 
were then allowed to drain on a 2 mm mesh sieve for 5 min. A sample of mixed material (A) was 
Energies 2020, 13, 1523 3 of 27 
 
taken. Samples of the three dominant species of Sargassum (S. natans VIII (B), S. natans I (C) and S. 
fluitans (D)) were separated using an identification chart (Figure 1) and gross contamination was 
removed from the strands by rinsing in seawater using a ‘squeezy-bottle’. Samples were transported 
in local seawater, which was changed regularly, to the airport for shipping. The samples were 
examined for a phytosanitary certificate (PLS-PC-19002, Export permits TCI 2018 69 and TCI 2018 70) 
for shipping, drained, and placed in sealed bags and transported chilled by air. Samples arrived at 
the University of Greenwich laboratories on 26 June 2019 and were processed immediately. 
 
Figure 1. Sample Identification sheet used to identify and separate the three dominant species of 
Sargassum (S. natans VIII (B), S. natans I (C) and S. fluitans (D)). 
2.1.2. Freeze-Drying 
The samples were frozen to −20 °C and then freeze-dried for 72 h in a ScanVac, Coolsafe, Laboscene 
freeze-drier running at −55 °C. The final moisture content was determined using the method below. After 
freeze-drying, samples were stored in sealed containers at 4 °C for further experimentation. 
2.2. Compositional Analyses 
2.2.1. Moisture 
The British Standards simplified oven drying method (105 °C for 24 h) was used for the analysis 
of moisture content [47]. All measurements were repeated in triplicate, and mean value and standard 
deviation (SD) are reported. After oven-drying, samples were stored in sealed containers at 4 °C for 
further experimentation. 
2.2.2. Ash 
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The British Standards method for the determination of ash content (550 °C for 2 h) was used to 
analyse the ash content of oven-dried samples [48]. All measurements were carried out in triplicate, 
and a mean value is reported. Ash was also examined by X-ray diffraction (XRD) analysis after 
grinding in a pestle and mortar to a fine powder at <10 μm. 
2.2.3. Salt 
The salt (sodium chloride) content was determined using ‘Mohr’ silver nitrate and potassium 
chromate titration of the chloride ion in the ash samples [49,50]. A mean value is reported from two 
determinations per sample. 
2.2.4. Carbon, Hydrogen, Nitrogen Sulphur (CHNS)  
The carbon, hydrogen, nitrogen and sulphur content of the oven-dried seaweed biomass was 
determined by a Flash Dynamic Combustion (Flash EA1112 CHNS Elemental Analyser). The oxygen 
content was calculated by difference. A mean is reported from a minimum of two determinations per 
sample. 
2.2.5. ‘Heavy Metals’ 
The determinations of the aluminium, calcium, copper, iron, magnesium, manganese, potassium, 
sodium and zinc content in the freeze-dried samples were performed by the UKAS laboratory, Premier 
Analytical Services (Lincoln Road, High Wycombe, Bucks, HP12 3QS, UK. www.paslabs.co.uk) using the 
UKAS accredited method C-TM-206. Samples were solubilised in hot concentrated nitric acid, which also 
removes organic matter by oxidation. Elemental concentration in the resulting solution was measured 
using Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES), with Yttrium as the 
internal standard and caesium chloride as the ionisation buffer. 
The determinations of the arsenic, cadmium, lead and mercury content in the freeze-dried 
samples were performed by the UKAS laboratory, Premier Analytical Services using the UKAS 
accredited method C-TM-219. Samples were digested in dilute nitric acid in a closed vessel by a 
microwave oven program with ramped temperature and pressure. ICP-OES measured elemental 
concentrations in the resulting solutions. 
The results were adjusted for the moisture content in the freeze-dried material, and the results 
are reported on a dry weight (dw) basis for each sample. 
2.2.6. Phenolic Content 
Polyphenolic extractions and quantifications were performed on samples in triplicates using 
60% aqueous acetone as the extracting solvent (solid-solvent ratio of 1:200), incubated in a shaking 
incubator (New Brunswick Scientific, Innova®, Edison, NJ, USA) (250 rpm, 1 h, 40 °C), then 
centrifuged (21,000 G, 4 °C, 20 min). The supernatant was collected, and the process was repeated on 
the pellet four times. 
Polyphenolic quantification was conducted according to a modified protocol of the Folin–
Ciocalteu (FC) method at room temperature [51]. Briefly, Folin–Ciocalteu reagent (125 μL, 0.2 N) was 
added to the sample (250 μL, diluted with 375 μL deionised water). 20% Na2CO3 (250 μL) was added 
after 2 min incubation. The absorbance was measured at 750 nm in a UV-visible spectrophotometer 
(Jenway 6305, Fisher Scientific, Loughborough, UK) after 30 min of incubation in the dark. 
Phloroglucinol was the standard used to generate a calibration curve, and results are expressed as 
mg phloroglucinol equivalent (PG eq). 
2.2.7. Amino Acids 
The amino acid profiles were determined by an accredited UKAS laboratory, Sciantec Analytical 
Services UK Ltd. (Stockbridge Technology Centre, Cawood, North Yorkshire, YO8 3SD, UK. 
www.cawoodscientific.uk.com/sciantec/). The freeze-dried samples were oxidised with hydrogen 
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peroxide/formic acid/phenol solution. Excess oxidation reagent is decomposed with sodium 
metabisulphite. The oxidised samples were hydrolysed with hydrochloric Acid (6 M). The hydrolysate 
was adjusted to pH 2.2, and the amino acids were separated and quantified by ion-exchange 
chromatography using photometric detection. The results were adjusted for the moisture content in the 
freeze-dried material, and the results are reported on a dry weight (dw) basis for each sample. 
2.2.8. Fatty Acids 
The fatty acid profiles were determined by an accredited UKAS laboratory, Sciantec Analytical 
Services UK Ltd. (Stockbridge Technology Centre, Cawood, North Yorkshire, YO8 3SD, UK. 
www.cawoodscientific.uk.com/sciantec/). Petroleum ether extracts of the freeze-dried samples were 
methylated and analysed by Gas Chromatography–Mass Spectrometry (GC-MS) and compared to 
known concentrations of fatty acid methyl ester standards. 
2.2.9. Total Lipid 
Lipid contents were measured using the method of Matyash et al. [52]. Briefly, deionised water, 
methanol (MeOH) and methyl tert-butyl ether (MTBE) were added to 0.1 g of freeze-dried sample in 
a ratio of 1:3:10. This was sonicated (1 min) and incubated (1 h, room temperature). Then, 1.5 mL of 
deionised water was added (MeOH:MTBE: H2O ratio of 3:10:2.5 (v/v/v)) to induce the phase 
separation, and centrifuged (10 min, 1000 G). The upper organic phase was collected, and the lower 
phase was re-extracted, repeating the process above. The upper phase of the second extraction was 
collected and mixed with the first extraction. Yields were determined gravimetrically. 
Determinations were performed in triplicate, and the results were adjusted for the moisture content. 
The mean and standard deviation on a dry weight (dw) basis are reported for each sample. 
2.2.10. Fibre 
The total dietary fibre content for the freeze-dried samples was measured by the enzyme 
gravimetric method [53] using the Sigma Total Dietary Fibre Kit (TDF-100a and TDF-C10). 
Determinations were performed in triplicate, and the results were adjusted for the moisture content. 
The mean and standard deviation on a dry weight (dw) basis are reported for each sample. 
2.2.11. Higher Heating Value 
Higher Heating Values (HHV) or Calorific values (CV) were determined using a Parr Model 
6100 Bomb Calorimeter [54]. The oven-dried samples were oxidised by combustion in an adiabatic 
bomb containing oxygen under pressure (3010 kPa) and the HHV was determined by measuring the 
temperature rise of a known mass of water (2 kg). A minimum of two determinations were carried 
out for each sample, and a mean is reported. The HHV was also calculated using a modified ‘DuLong 
equation’ from the elemental analysis [55] and also from the protein, lipid and carbohydrate 
(including fibre) content using the method of Heaven et al. [56]. 
2.3. Methane Potential 
2.3.1. Theoretical Methane Potential 
The theoretical methane potential was calculated from the elemental analysis using the ‘Buswell 
equation’ [57,58] and also from the protein, lipid and carbohydrate (including and excluding fibre) content 
using the method of Heaven et al. [56]. The ratio of the MP to the theoretical methane yields, expressed as 
a percentage, has been termed the biodegradability index (BI) [59,60]. 
2.3.2. Methane Potential Determination 
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The methane potential (MP) of the fresh mixed sample and freeze-dried samples were analysed 
using a biomethane potential test system (CJC Labs Ltd., Oaktree, Nether Wasdale, Seascale, CA20 
1ET, UK) shown in Figure 2 and described in Milledge et al. [33]. 
 
Figure 2. CJC biomethane potential system (courtesy CJC labs). 
The inoculum was collected from the internal recirculation granular sludge anaerobic digester 
of Smurfit Kappa Townsend Hook Paper Makers (Mill Street, Snodland, Kent, UK) treating liquid 
waste from the paper industry [33]. The following samples were examined for methane potential: 
(a) Fresh Mixed Sample (A) 
(b) Freeze-Dried Mixed Sample (A) 
(c) S. natans VIII (B) 
(d) S. natans I (C) 
(e) S. fluitans (D) 
(f) A mixture based on the volatile solids (VS) percentage of 1.0% S. natans VIII (B), 49.3% S. natans 
I (C) and 49.7% S. fluitans (D), the ratio of the three pelagic Sargassum species found previously 
in Shark Bay [61]. The ratio was selected to examine the potential synergistic and antagonistic 
effects of a mixture of species on methane yield. However, the composition of floating 
Sargassum mats and beach inundations can vary widely [62]. 
Four experimental replicates using the equivalent of 1 g volatile solids of each variant, at an 
inoculum-to-substrate VS. ratio of 9:1, were carried out, together with three controls containing no 
substrate, but containing inoculum. Methane volume, pressure and temperature data were recorded 
continuously, and gas volumes were normalised (100 kPa, 0 °C, dry gas). 
2.4. Statistical Analysis 
IBM SPSS Statistics 25 was used for two-way Analysis of Variance (ANOVA) with data tests for 
Skewness (0.5 to −0.5), Kurtosis (1 to −1) and normality (Kolmogorov–Smirnov (>0.05) and Shapiro–Wilks 
(>0.05)). A two-way ANOVA was performed to examine the effect species (S. natans VIII (B), S. natans I 
(C) S. fluitans (D)) and time and their interaction on daily cumulative methane production from the MP 
test. SPSS was also used for calculation of the Coefficient of Correlation between phenolic content and 
MP, and for the one-sample t-test to compare the predicted MP to the experimental value. 
Excel 2019 (Microsoft Office ProPlus 365 64 bit) was used for one-way ANOVAs, t-tests and all other 
statistical analyses. One-way ANOVAs and t-tests were conducted to compare the effect of species on MP, 
water, ash, salt, lipid content, protein content, calorific value and the effect of freeze-drying on MP. 
3. Results 
3.1. Compositional Analysis 
3.1.1. Moisture, Ash, Total Solids and Volatile Solids 
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The moisture content, ash, total solids and volatile solids content is shown in Table 1. The 
moisture and ash content of the mixed sample is statistically higher (p < 0.05) than S. natans VIII, S. 
natans I or S. fluitans. 
Table 1. The moisture, ash Total Solids (TS) and Volatile Solids (VS) of Sargassum inundation (“Mixed 
Sargassum”) and pelagic species of Sargassum from Turks and Caicos. Differences in colour within a 
column indicate statistically significant differences between samples (p < 0.05) (n = 3). ar = as received; 
dw = dry weight and ww = wet weight. 
 Moisture % ar Ash % dw TS % VS % 
 Ave Ave   
Mixed ‘Sargassum’ 81.98 ± 0.89 46.94 ± 1.31 18.00 9.56 
S. natans VIII 86.45 ± 0.10 34.26 ± 0.59 13.50 8.91 
S. natans I 87.41 ± 0.23 35.71 ± 1.27 12.60 8.10 
S. fluitans 86.32 ± 0.02 33.63 ± 4.14 13.70 9.08 
3.1.2. Salt and XRD analysis 
The salt content of the ash is shown in Table 2.together with results expressed on dry weight and wet 
weight basis. The ash of mixed Sargassum is statistically (p < 0.5) lower in salt than the other samples, 
while the ash of S. natans I is statistically (p < 0.05) higher in salt. However, when expressed on a wet 
weight basis, the differences in salt content are small (2.6–2.9%). 
Table 2. The salt (NaCl) content of Sargassum inundation (‘Mixed Sargassum’) and pelagic species of 
Sargassum from Turks and Caicos. Differences in colour within a column indicate statistically 
significant differences between samples (p < 0.05) (n = 3). 
 Salt % ash Salt % dw Salt % ww 
 Ave   
Mixed ‘Sargassum’ 32.30 ± 5.09 15.2 2.7 
S. natans VIII 56.87 ± 1.55 19.5 2.6 
S. natans I 64.60 ± 2.80 23.1 2.9 
S. fluitans 57.00 ± 0.00 19.2 2.6 
The results of the XRD analysis of the ash from the samples are in shown in Table 3.The mixed 
sample has considerably more CaCO₃ and KCl than any of the three individual species of pelagic 
Sargassum. 
Table 3. Results of the X-ray diffraction (XRD) analysis of Sargassum inundation (‘Mixed Sargassum’) 
and pelagic species of Sargassum from Turks and Caicos (n = 1). 
 CaCO₃ KCl NaCl MgO K3Na (SO4)2 CaSO4 Na2SO4 
 % in Ash 
Mixed ‘Sargassum’ 42.07 23.93 19.03 4.88 3.76 4.98 1.36 
S. natans VIII 17.99 9.43 57.02 7.04 1.38 5.67 1.27 
S natans I 11.68 0.26 71.58 8.26 0.28 3.39 3.15 
S fluitans 11.68 0.26 71.59 8.26 8.26 7.69 0.24 
3.1.3. CHNS 
The results of the CHNS analyses are shown in Table 4. The mixed sample biomass has a lower 
C:N ratio and higher C:O ratio than the other pelagic species’ samples. 
Table 4. The mean results of the CHNS analysis of Sargassum inundation (‘Mixed Sargassum’) and 
pelagic species of Sargassum from Turks and Caicos (n = 2). 
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 Ash C H N S O Elemental Ratios 
 % Dry Weight  C:N C:O 
Mixed ‘Sargassum’ 46.94 27.41 3.13 1.71 0.21 20.62 16.08 1.33 
S. natans VIII 34.26 29.23 3.68 1.68 0.40 30.76 17.40 0.95 
S. natans I 35.71 28.34 3.63 1.28 0.05 31.00 22.14 0.91 
S. fluitans 33.63 29.23 3.78 1.57 0.00 31.79% 18.62 0.92 
3.1.4. ‘Heavy Metals’ 
The results of the ‘heavy metal’ and metalloid analyses are shown in Table 5. The results confirm 
the XRD analysis that the mixed sample is richer in calcium, potassium and magnesium. 
Table 5. The results of the heavy metal analysis of Sargassum inundation (‘Mixed Sargassum’) and 
pelagic species of Sargassum from Turks and Caicos (n = 1) (ND = not detected) 
  Mixed ‘Sargassum’ S. Natans VIII S. Natans I S. Fluitans 
Aluminium mg kg−1 dw 37.5 16.21 21.48 28.09 
Arsenic mg kg−1 dw 123.69 20.94 29.76 26.25 
Cadmium mg kg−1 dw 0.13 0.09 0.12 0.12 
Calcium mg kg−1 dw 70,305.77 26,019.69 28,879.26 33,196.4 
Chromium mg kg−1 dw <0.3 0.36 ND 0.43 
Copper mg kg−1 dw 2.51 1.25 2.71 2.91 
Iron mg kg−1 dw 3811.37 81.58 998.56 262.02 
Lead mg kg−1 dw 0.26 0.48 0.28 0.37 
Magnesium mg kg−1 dw 12,053.19 15,092.59 16,546.71 16,320.64 
Manganese mg kg−1 dw 30.15 <3 <3 <3 
Mercury mg kg−1 dw 0.01 ND 0.01 0.01 
Phosphorus mg kg−1 dw 500.65 138.3 222.15 214.28 
Potassium mg kg−1 dw 69,359.39 7442.57 12,509.16 7771.73 
Zinc mg kg−1 dw 5.81 26.49 30.88 35.64 
3.1.5. Phenols 
The total phenolic content results expressed in mg phloroglucinol equivalent (PG eq) per gram of 
dry matter and per gram of VS. are shown in Table 6. A one-way ANOVA found that species was a highly 
significant influence on total phenolic content (p < 0.001), and t-tests revealed that all the samples’ phenolic 
contents were significantly different from each other (p < 0.05). 
Table 6. The total phenolic content results expressed in mg phloroglucinol equivalent (PG eq) per 
gram of dry matter (n ≥ 3) and per gram of VS. differences in colour within a column indicate 
statistically significant differences between samples (p < 0.05). 
 Phenols (PG eq)  
 mg g−1dw mg g−1 VS. 
 Ave Ave 
Mixed ‘Sargassum’ 29.5 ± 0.5 55.5 
S. natans VIII 2.5 ± 0.2 3.8 
S. natans I 6.6 ± 0.4 10.3 
S. fluitans 3.7 ± 0.2 5.6 
3.1.6. Amino Acids 
The amino acid (AA) profile of and total %AA in dry samples of Sargassum inundation (‘Mixed 
Sargassum’) and pelagic species of Sargassum from Turks and Caicos is shown Table 7. The total 
amino acid content is low for all the samples <4.2%. 
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Table 7. Percentage of amino acids (AAs) in dry samples of Sargassum inundation (‘Mixed 
Sargassum’) and pelagic species of Sargassum from Turks and Caicos (n = 1). 
 Mixed ‘Sargassum’ S. Natans VIII S. Natans I S. Fluitans 
Amino acid % dw    
Alanine 0.34 0.13 0.26 0.19 
Arginine 0.18 0.14 0.19 0.17 
Aspartic acid 0.47 0.34 0.48 0.42 
Cystine 0.09 0.11 0.09 0.09 
Glutamic 0.85 0.35 0.58 0.46 
Glycine 0.32 0.19 0.30 0.24 
Histidine 0.06 0.05 0.07 0.07 
Iso-Leucine 0.16 0.13 0.18 0.14 
Leucine 0.27 0.18 0.28 0.23 
Lysine 0.24 0.28 0.23 0.21 
Methionine 0.10 0.14 0.10 0.09 
Phenylalanine 0.18 0.14 0.19 0.17 
Proline 0.18 0.06 0.14 0.11 
Serine 0.22 0.19 0.22 0.20 
Threonine 0.19 0.18 0.21 0.19 
Tryptophan 0.04 0.05 0.04 0.04 
Tyrosine 0.01 0.00 0.01 0.00 
Valine 0.24 0.35 0.24 0.23 
Total Amino acids 4.16 2.99 3.81 3.25 
3.1.7. Fatty Acids 
The fatty acid profile of the various samples is shown in Table 8. The predominant fatty acid in 
all the samples is palmitic acid which makes up a large proportion of the saturated fatty acids (72–
89%). Nonetheless, all the samples contain a considerable proportion of Polyunsaturated Fatty Acids 
(PUFAs) (>25%), and fish oils typically contain 10–25% PUFAs [63]. 
Table 8. The fatty acid profile expressed as the percentage of Total Fatty Acids (TFA) of Sargassum 
inundation (‘Mixed Sargassum’) and pelagic species of Sargassum from Turks and Caicos (n = 1). 
 % of TFA 
 Mixed Sargassum S. Natans VIII S. Natans I S. Fluitans 
C08:0 Caprylic <0.05 <0.05 <0.05 <0.05 
C10:0 Capric Acid <0.05 <0.05 <0.05 <0.05 
C11:0 Undecylic Acid <0.05 <0.05 <0.05 <0.05 
C12:0 Lauric Acid 0.14 <0.05 0.13 0.19 
C13:0 Tridecylic Acid <0.05 <0.05 <0.05 <0.05 
C14:0 Myristic Acid 2.01 2.00 1.56 2.13 
C14:1 Myristoleic Acid 0.43 <0.05 0.15 <0.05 
C15:0 Pentadecanoic Acid 0.46 0.25 0.32 0.36 
C15:1 Pentadecenoic Acid 0.39 <0.05 <0.05 0.37 
C16:0 Palmitic Acid 26.68 40.71 23.61 24.12 
C16:1 Palmitoleic Acid 4.03 8.28 3.54 4.13 
C17:0 Heptadecanoic Acid 1.17 0.13 0.88 0.76 
C17:1 Heptadecenoic Acid <0.05 0.19 0.63 <0.05 
C18:0 Stearic Acid 4.73 0.85 4.18 4.32 
C18:1 Oleic Acid 12.71 10.71 13.31 15.23 
C18:2 Linoleic Acid 5.32 7.90 6.92 6.02 
C18:3 Linolenic Acid 4.4 3.52 5.9 3.48 
C18:4 Stearidonic Acid 0.07 0.69 1.34 0.87 
C20:0 Arachidic Acid 0.47 0.39 0.55 0.62 
C20:1 Gadoleic Acid 0.18 0.76 <0.05 <0.05 
C20:4 Arachidonic Acid 7.79 12.95 9.14 10.24 
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C20:5 Eicosapentaenoic Acid 3.75 <0.05 2.77 1.49 
C22:0 Behenic Acid 0.63 1.28 0.83 0.75 
C22:1 Erucic Acid 1.59 <0.05 1.56 2.11 
C22:4 Adrenic Acid 1.17 <0.05 0.77 0.78 
C22:5 Docosapentaenoic acid 0.36 <0.05 0.27 0.3 
C22:6 Docosahexaenoic Acid 6.44 <0.05 5.66 5.91 
C24:0 Lignoceric Acid 0.42 <0.05 0.35 0.44 
Monounsaturated Fatty Acids 19.33 19.94 19.19 21.84 
Polyunsaturated Fatty Acids 29.3 25.06 32.77 29.09 
Saturated Fatty Acids 36.71 45.61 32.41 33.69 
Unidentified Fatty Acids 14.66 9.39 15.63 15.38 
3.1.8. Total lipid and Fibre 
The lipid and total fibre contents are shown in Table 9. All the samples had a high fibre content 
(>31%) and low lipid content (<4.6%). 
Table 9. Lipid (n = 3), total fibre (n = 3), total amino acid (n = 1) and digestible carbohydrate expressed 
as a percentage of dry weight. 
 Lipid% Total % AAs Total % Fibre  Carbohydrate% 
Mixed ‘Sargassum’ 3.88 ± 1.09  4.19 33.31 ± 0.90  11.68 
S. natans VIII 3.58 ± 0.59  2.99 37.41 ± 0.43  21.76 
S natans I 4.51 ± 0.90  3.81 37.00 ± 0.42  18.97 
S fluitans 4.56 ± 0.90  3.25 31.15 ± 0.35  27.40 
3.1.9. Higher Heating Value 
The results of the bomb calorimetric analyses are shown in Table 10, together with calculated 
values using a modified ‘DuLong equation’ from the elemental analysis [55] and also from the 
protein, lipid and carbohydrate (including fibre) content using the method of Heaven et al. [56]. Both 
methods of calculation predict a higher HHV than the measured HHV via bomb calorimetry. There 
is a poor correlation (Coefficient of Correlation, 0.193) between the figures calculated from the 
CHNSO and measured HHVs. However, the is a strong correlation between the calculated values 
based on the protein, lipid and carbohydrate (including fibre) content and measured data (Coefficient 
of Correlation, 0.996). As can be seen in Figure 3, despite the high degree of correlation, the calculated 
figure overestimates HHV. The HHV of the mixed sample is statistically (p < 0.05) less than S. natans 
VIII, S. natans I or S. fluitans. 
Table 10. The mean Higher Heating Values (HHVs) and standard deviation (n = 3) from the bomb 
calorimetry of Sargassum inundation (‘Mixed Sargassum’) and pelagic species of Sargassum from 
Turks and Caicos, together with calculated HHVs from CHNSO or protein, lipid and carbohydrate 
content (Heaven et al. [56]). Differences in colour within a column indicate statistically significant 
differences between samples (p < 0.05). 
 HHV (kJ kg−1) 
 Measured Calculated 
   Heaven et al. [56] CHNSO 
Mixed ‘Sargassum’ 9.39 ± 0.27  9.8 10.7 
S. natans VIII 10.23 ± 0.08  11.8 10.9 
S. natans I 10.15 ±0.01  11.8 10.5 
S. fluitans 10.26 ±0.11  11.9 10.8 
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Figure 3. Calculated HHV based on the protein, lipid and carbohydrate (including fibre) content [56] 
and average measured data. 
3.2. Methane Potential 
3.2.1. Theoretical Methane Potential of S. Natans VIII, S. Natans I and S. Fluitans 
The theoretical MP from the ‘Buswell equation’ based on CHNSO and the method of Heaven et 
al. [56] based on the lipid, protein and carbohydrate content (both including and excluding fibre) are 
shown in Table 11 together with actual MP and biodegradability index (BI), the percentage of the 
actual relative to the theoretical. No correlation was found between the various theoretical MPs and 
the actual MPs (Coefficients of Correlation between −0.89 and 0.58). 
Table 11. The theoretical MP from the ‘Buswell equation’ based on CHNSO and the method of 
Heaven et al. [56] based on the lipid, protein and carbohydrate content (both including and 
excluding fibre) together with actual MP and biodegradability index (BI). 
 Methane Potential mL CH4 g−1 VS     
 Actual Theoretical Biodegradability Index 
  CHNS Heaven Heaven ex Fibre CHNS Heaven Heaven ex Fibre 
Mixed ‘Sargassum’ −24.0 496 461 195 −5% −5% −12% 
S. natans VIII 145.1 395 449 207 37% 32% 70% 
S. natans I 65.8 392 460 187 17% 14% 35% 
S. fluitans 112.7 392 464 221 29% 24% 51% 
3.2.2. Fresh versus Freeze-Dried 
The final methane yield after 28 days for fresh ‘Mixed Sargassum’ sample was not statistically 
significantly different (p > 0.05) from the freeze-dried ‘Mixed Sargassum’. Figure 4 shows the net 
mean methane production over the 28 days of the MP test from fresh and freeze-dried ‘Mixed 
Sargassum’ inundation samples from Turks and Caicos. The MP of both the fresh and freeze-dried 
samples were not statistically different (p > 0.05) from the blank (containing just inoculum and no 
additional substrate). 
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Figure 4. Net mean methane production from fresh and freeze-dried ‘Mixed Sargassum’ inundation 
samples from Turks and Caicos (n = 4, error bars are standard deviation). 
3.2.3. Methane Potential of S. Natans VIII, S. Natans I and S. Fluitans 
The plots of methane volume produced per gram of vs. for the three species of pelagic Sargassum 
are shown in Figure 5. A two-way ANOVA found that species, time and the interaction of species 
and time all had a highly significant effect (p < 0.01) on the volume of methane produced. The MP of 
all three pelagic species were all significantly higher than the mixed sample (p < 0.05). A one-way 
ANOVA found that the effect of the species for the three pelagic species on MP was highly significant 
(p < 0.01). Both S. natans VIII and S. fluitans had significantly higher MPs than S. natans I (p < 0.01). 
 
Figure 5. Net mean methane production from the three pelagic Sargassum species samples from 
Turks and Caicos (n = 4, error bars are standard deviation). 
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3.2.4. Methane Potential of S. Natans VIII, S. Natans I and S. Fluitans 
The plot of the predicted methane yield for the combined S. natans VIII, S. natans I and S. fluitans 
(based on the previous experimental results for each species) and the actual methane yield is shown 
in Figure 6. There is a high degree of correlation between the predicted and actual results with a 
Coefficient of Determination R2 of 0.853 between the actual and predicted plots of methane yield 
versus time. There was no significant statistical difference (p = 0.381) between the predicted MP and 
the actual based on a one-sample mean t-test, SPSS. 
 
Figure 6. The plot of the predicted yield of methane for the combined S. natans VIII, S. natans I and S. fluitans 
(based on the previous experimental results for each species) and the actual methane yield. 
4. Discussion 
4.1. Composition of Sargassum 
All the Sargassum samples were high in moisture (82–87%) and rich in ash (34–47% dw) and are 
comparable to other brown seaweeds (80–90% moisture, 15–44% ash dw) [25,64–66], and in 
particular, other members of the Sargassum genus (80–90% moisture and 14–44% ash dw) [6,64,67–
69]. The ash content of S. fluitans collected from the Caribbean has been reported as 24% (St Lucia) 
and 19–22% (British Virgin Islands) [34]. However, Oyesiku and Egunyomi [70] found considerably 
less ash, 9.5%, for pelagic Sargassum (a mixture of S. natans and S. fluitans) collected from beaches of 
Ondo State, Nigeria. Nevertheless, the ash content of S. natans from Zhanjiang of Guangdong 
province, China, was found to be considerably higher at 29% [71]. Although the figures found here 
for the three species of pelagic Sargassum studied (34–36%) are higher than those reported for pelagic 
Sargassum, they are within the range reported for the genus Sargassum and the difference may be 
due to season and location. Seaweed composition varies widely not only with species but also season 
and location [64,72–74]. 
4.1.1. Minerals and Metals 
The ash of all the samples was rich in sodium chloride. The salt concentration on a wet weight 
basis for the four samples varies between 2.6% and 2.9% below the average salinity of surface 
seawater surrounding the Turks and Caicos 3.6% [75]. The NaCl content of the ash, measured by the 
‘Mohr’ titration of chloride ions, range from 32% to 64%, while XRD values range from 19% to 72%. 
Sezey and Adun [76] estimated the accuracy of the ‘Mohr’ method to be between 70% and 105%. 
Energies 2020, 13, 1523 14 of 27 
 
Although rapid and straightforward with a detection limit of 0.1%, it assumes that the chloride ions 
are all from NaCl and tends to overestimate NaCl when KCl is present as is the case with the mixed 
inundation sample (A). 
The high KCl content of mixed inundation sample (A) found by XRD is reflected in the high 
potassium content measured by ICP, 69,359 mg kg−1 dw. The reason for the high potassium content 
in sample A relative to the three pelagic species is not known and requires considerably more 
research. Oyesiku and Egunyomi [70] found 280 mg kg−1 of potassium in pelagic Sargassum off the 
coast of Nigeria. Addico and deGraft-Johnson [77] found lower potassium levels for pelagic 
Sargassum, collected offshore and onshore, from various sites in Ghana of 0.72 to 2.28 mg g−1 on a 
wet weight basis (~2–15 mg g−1 dw); however, these samples were washed in distilled water which 
can leach-out minerals [60]. Considerably higher levels have been found in other species of 
Sargassum from India, 35,000–121,410 mg kg−1 dw [78]. 
The high ash content of Sargassum could provide minerals and trace elements that are beneficial in 
both fertiliser and animal feed [19,70,79,80]. Coastal plant growth responds well to the use of Sargassum 
as a fertiliser as it is a useful source of N, P and K, and the use of Sargassum as a fertiliser could be a natural 
method of dealing with golden tides [19,81]. However, there have been concerns regarding the use of 
Sargassum, as seaweeds can bioaccumulate metals at concentrations many times above the levels found 
in the surrounding seawater [35–37]. Table 5 shows the ‘heavy metals’ analyses for S. natans I, S. natans 
VIII, S, fluitans and the mixed inundation sample (A). Sample A is not only richer in calcium and potassium 
than the three individual pelagic species but also phosphorus and iron. These high levels may be due to 
other organic matter from other species of seaweed, seagrass, epiphytes and small herbivores. Shellfish 
are rich in iron (haemoglobin present for oxygen transport) [82]. The iron content of seaweeds and 
seagrasses can vary widely, with brown seaweeds reported with an iron level of up to 9300 mg kg−1, with 
physically small species tending to have higher levels [64,69,83]. However, Sargassum species can also 
contain very high iron levels (1569 mg kg−1), and the difference may be just natural sample variability. 
There has been a range of studies on metalloids in seaweed [69,84,85], but only limited data is 
available on pelagic Sargassum. However, Rodríguez-Martínez et al. [43] recently completed a study on 
the concentrations of fourteen different elements (Al, As, Ca, Cl, K, Mg, Mn, P, Rb, S, Si, Sr, Th and U) in 
pelagic Sargassum collected from various sites along the Mexican Caribbean coast, from August 2018 to 
April 2019, and showed that there was both seasonal and spatial variability in metalloids. Some elements 
showed more than a 5-fold difference between their minimal and maximal concentrations [43]. The levels 
detected in this study generally fall within the results reported by Rodríguez-Martínez et al. [43], but the 
levels in this study were considerably higher for iron and lower for manganese in all samples. The levels 
of both phosphorus and potassium in the ‘Mixed Sargassum’ were above the maximum levels found by 
Rodríguez-Martínez et al. [43]. The levels of cadmium, chromium, copper, lead and manganese in the 
current study were similar to those found in S. muticum [86]. Chen et al. [84] in a study of 295 brown and 
red seaweed samples found that elements in seaweeds can be listed in descending order of mean 
concentration: Al > Mn > As > Cu > Cr > Cd > Pb > Hg, but this study found a slightly different order of As 
> Al > Mn > Cu > Pb > Cr > Cd > Hg with both arsenic and lead being higher in the relative order. The 
arsenic levels for the three pelagic species of Sargassum (21–30 mg kg−1) was similar to that previously 
reported for S. fluitans (20–28 mg kg−1) [34,87]. However, the concentration in the mixed sample (A) was 
considerably higher (123 mg kg−1). Arsenic levels of 13–172 mg kg−1 have been reported in pelagic 
Sargassum [43], and levels of up to 231 mg kg−1 have been recorded for members of the Sargassum genus 
[87]. 
The World Health Organisation classes arsenic as one of 10 chemicals of major public health 
concern, and there have been health advisories around the world concerning arsenic in Sargassum, 
and in particular, S. fusiform [87]. In this study, only total arsenic was measured, but inorganic arsenic 
is more toxic than organic arsenic. Although many seaweeds accumulate arsenic as less toxic 
arsenosugars, some species of Sargassum can have up to 80% of their arsenic content as the highly 
toxic inorganic form [84,87]. In the UK, legislation from 1959 restricted total arsenic in food to 1 mg 
kg−1, but this limit did not apply for naturally present arsenic in seaweed [88]. Regulated maximum 
levels of inorganic arsenic in seaweed range from 1 to 3 mg kg−1 [89]. The EU has advised on the levels 
Energies 2020, 13, 1523 15 of 27 
 
of inorganic arsenic in the diet and rice products [90], although there is no general agreement on 
maximum allowable quantities of arsenic in seaweeds [91]. Arsenic may also be a problem in animal 
feed with seaweed-derived feeds having an arsenic content (40 mg kg−1) 10 times higher than that of 
grass-based feeds [92]. Arsenic in fertilisers may also accumulate in the soil and arsenic content in 
seaweed may limit its value as a fertiliser [93]. The levels of total arsenic in seaweed found in this 
study are above the arsenic soil action limit (20 mg kg−1) for many countries around the world [94]. 
However, the arsenic content of Sargassum-based compost can be reduced by combining Sargassum 
with food waste and wood chip in a ratio 4:48:48 (5.9–7.2 mg kg−1) [19]. Dilution of Sargassum with 
other wastes may also be an option for AD in reducing arsenic, other metalloids and salt content in 
the digestate. However, this dilution approach for both AD and composting will depend on the 
nature and quantity of organic waste, which varies greatly been islands of the Caribbean [34,95]. AD 
has been shown to reduce the amount of arsenic in terrestrial organic solids (Chinese brake fern (Pteris 
vittata L.)) by two thirds, although by reducing arsenic in the digestate, the arsenic is ‘transferred’ to 
the wastewater, potentially causing a further waste treatment problem [96]. Despite the uneasiness 
about arsenic exposure from seaweed, there is a lack of information evaluating seaweed, and arsenic 
speciation in pelagic Sargassum in particular, as a source of arsenic for fuel, feed and fertiliser [97]. 
The levels of lead, cadmium and mercury are below the French recommendations for heavy metals 
in seaweed (lead 5 mg kg−1, cadmium 0.5 mg kg1 and mercury: 0.1mg kg−1). These regulations are 
considered very conservative relative to fish and shellfish but are widely used in the absence of a 
recognised international standard [91]. Tejada-Tejada et al. [98] found that cadmium, copper, chromium, 
nickel, lead and zinc levels in Sargassum did not represent a potential danger to health. The results of this 
study also indicate that heavy metal content of pelagic Sargassum is not a health concern, but the 
metalloid, arsenic, may pose a problem, especially if speciation studies find that it is primarily the 
inorganic form. However, there is a need for further research and constant monitoring. 
4.1.2. Phenols 
High levels of phenolic compounds in Sargassum may be problematic as they can inhibit AD 
and can impart not only desirable flavours but also undesirable tastes [74,99]. However, many 
phenolic compounds have potentially useful bioactivity and Sargassum spp. has been suggested as a 
sustainable source [100]. There is a significant difference between the phenolic levels in all four 
samples; however, the mixed sample (2.95%) has nearly five times the level of phenolics than the next 
highest sample (0.66%) (S. natans I). Phlorotannins, the primary phenolics in brown seaweed, are 
secondary metabolites that are produced in response to stress, particularly from attack by herbivores 
[101,102]. The high levels found in this study may be due to the presence of herbivores and other 
epiphytes. Also, the washing of the separated species may remove phenolics as some are soluble in 
seawater and phenolics are often excreted into the surrounding ocean [101,103]. Sargassum is 
potentially the largest natural source of polyphenols in the open ocean contributing 30 to 200 Gg C 
year−1 to the Gulf of Mexico and Western North Atlantic [104]. There is little data on the level of 
phenolics in pelagic Sargassum, although S. fluitans was reported to have a less than 0.1% phenolics 
[34]. However, S. muticum has been found to have a wide variation in phenolic content depending on 
season and location (0.7–6% dw) [73,105,106]. 
4.1.3. Sulphur and Carbon 
The sulphur content was relatively low (<0.4%) for all samples and considerably below that 
previously reported for S. natans (1.4%) [71]. However, the sulphur content of S. muticum has been 
found to vary with season and storage [32,33]. This lower sulphur could reduce the problems of 
rotting Sargassum producing foul-smelling and toxic hydrogen sulphide [8,18]. The carbon content 
(27–29%) is similar to that reported for S. natans (28.9%) [71] but lower than that reported for S. fluitans 
(34.29%); however, the latter sample had a lower ash content (24%), and minerals could have leached-
out [19] increasing the relative carbon content. 
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The N content of samples varied between 1.3% and 1.7%. The C:N ratio varied between 16:1 for the 
mixed sample A and 22:1 for S. natans I. Lapointe et al. [107] found that the C:N ratio varies greatly with 
available nutrients, with the average ratio in the deep open ocean being 47 and 27 in shallower neritic 
waters, but no significant difference between S. fluitans and S. natans. However, Wang et al. [71] found the 
C:N ratio for S. natans to be 7:1, whilst Morrison and Gray [34] found a ratio of 30:1 for S. fluitans. The C:N 
ratio of floating ‘Mixed Sargassum’ mats off the coast of Nigeria was estimated to be ~23:1 [70]. 
4.1.4. Protein and Amino Acids 
Most methods of protein analysis tend to overestimate the amount of protein, and the Food and 
Agriculture Organisation of the United Nations (FAO) recommended that total protein is established 
by amino acid analysis [108]. Thus, the total amino acid content can be taken as a reasonable 
indication of total protein. 
The amino acid content of the mixed sample (4.16%) is higher than any of the three pelagic 
Sargassum species (S. natans VIII, 2.99%, S. natans I, 3.81% and S. fluitans, 3.25%), and this may be due 
to the protein-rich herbivores in the unwashed and unsorted mixed sample. The results are towards 
the low end of the protein content (3–16%) reported for brown seaweeds [64,109]. The results are also 
below levels of protein reported for S. natans (18%), S fluitans (12.8%) and pelagic mats of S. natans 
and S. fluitans (15.4%). However, these protein contents were calculated from the nitrogen content 
using a nitrogen factor and may have overestimated the protein content. Seaweed organic nitrogen 
is not only associated with amino acids but with compounds such as DNA, pigments and non-protein 
nitrogen, and their relative contents are often higher in plants than in animals [108]. Thus, the 
common factor of 6.25 to convert organic nitrogen to protein results in the protein content of seaweed 
being overestimated [108,110,111]. Angell et al. [109], in an extensive review of the nitrogen factors, 
recommended a much lower N factor of 4.56 for brown algae. Milledge et al. [33] suggested an even 
lower factor of 4.1 for Sargassum. However, using the lower factor 4.1 the protein content based on 
the levels of organic nitrogen overestimate the protein content by 69% to 130% relative to the protein 
content based on the amino acid analysis. 
Although the total amino acid content is low relative to major terrestrial sources of plant protein, the 
amino acid profile compares favourably with the ‘indispensable amino acid’ profile recommended by the 
World Health Organisation (WHO) and does not appear to be lacking in any particular amino acid (Table 
12). However, there is a need for considerably more analysis of the seasonal and spatial variations of 
amino acid in pelagic Sargassum. 
Table 12. ‘Indispensable amino acids’ as a percentage of total amino acids. Recommendation of the 
World Health Organisation (WHO) [112] for adults based on 0.66 g protein kg−1 day−1. 
 Percentage of Total Amino Acids 
 WHO Mixed S. Natans VIII S. Natans I S. Fluitans 
 Recommendation Sargassum    
Histidine  1.50 1.55 1.57 1.75 2.02 
Isoleucine 3.00 3.89 4.31 4.66 4.38 
Leucine 5.90 6.48 5.88 7.29 7.07 
Lysine 4.50 5.70 9.41 6.12 6.40 
Methionine  1.60 2.33 4.71 2.62 2.69 
Cystine 0.60 2.07 3.53 2.33 2.69 
Methionine + cysteine 2.20 4.40 8.24 4.96 5.39 
Phenylalanine + tyrosine 3.00 4.66 4.71 5.25 6.40 
Threonine 2.30 4.66 5.88 5.54 5.72 
Tryptophan 0.40 1.04 1.57 1.17 1.35 
Valine  3.90 5.70 11.76 6.41 7.17 
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4.1.5. Fibre 
The fibre content of all the samples is high (31–37%), meaning that a large percentage of the 
organic energic value is not available to humans and monogastric animals. Although many of the 
compounds in the indigestible fibre may be broken down in AD and by ruminants, it may be a useful 
indicator of the recalcitrance of the material to breakdown in AD. The high ash and fibre content of 
all the samples (65–80%) means that the vast majority of the Sargassum is either unable to be broken 
down or difficult to be broken down in AD to produce methane. 
4.1.6. Lipid and Fatty Acids 
The total value of the lipid found in four samples of Sargassum from Turks and Caicos were 
relatively similar (3.58–4.56%). These figures are in agreement with the typical low lipid content of 
brown seaweeds 0.3–6% [24,113,114] but above those reported for pelagic Sargassum (S. natans 1% 
[115]) and floating Sargassum mats (2.5%) [70]. However, Kumari et al. [116] found considerably 
higher lipid contents (6–20%) in a variety of Sargassum species from the Gujarat coast, India. There 
may be considerable spatial and species variation in the lipid content of Sargassum, and again, further 
work is required. 
The most prevalent fatty acid in all the samples was palmitic acid (C16:0), and this is also the case for 
many other species of Sargassum where palmitic acid may play a role in controlling the ‘biofouling’ of the 
fronds of Sargassum [116–118]. Palmitic acid makes up 41% of the fatty acids in S natans [115], and this 
study found palmitic acid to make up 41% of S. natans VIII, but only 24% of S. natans I. The 
polyunsaturated fatty acids (PUFAs) content varied from 25% to 33%; however, much higher levels of 
PUFA have been reported for S. natans (~50%). Turner and Rooker [119] found there was considerable 
variation in the fatty acid composition between species found within Sargassum mats with PUFAs ranging 
from 16% to 62% of the total fatty acid composition. Two fatty acids in algae that are attracting much 
attention are Eicosapentaenoic Acid (C20:5) (EPA) and Docosahexaenoic Acid (22:6) (DHA) for a variety 
of health benefits [120–122]. S. natans VIII has a low content of both DHA and EPA. The mixed sample 
and the other two species have reasonable levels. Sargassum mats could be a potentially valuable source 
of a wide variety of PUFAs, particularly DHA and EPA for animal nutrition, although the yields per unit 
of dry biomass are low [2]. 
4.1.7. Higher Heating Value 
The HHV of all the samples is lower than that typical of brown seaweed (11–18 kJ g−1) [123–125] and 
other species of Sargassum (11–16 kJ g−1) [64] and may be due to the high ash content. The mixed 
inundation sample (A) was considerably richer in ash, and this may be due to the presence of small shelled 
creatures’ remains within the biomass that were removed during the sorting of the other samples. The 
calcium content was considerably higher in sample A, from the results of both the ICP (70,305 mg kg−1) 
and XRD (79,100 mg kg−1) analyses, than the three individual pelagic species, and several times higher 
than that typical of seaweeds (5700–28,300 mg kg-1) [64]. This high mineral content of the biomass is the 
main contributor to the significantly lower HHV value of the mixed inundation sample (A) relative to the 
three pelagic species (B, C and D). When the HHV is recalculated on VS. rather than dw, the mixed 
inundation sample (A) has an HHV of 17.7 kJ g−1 VS. higher than S. natans VIII (B) (15.6 kJ g−1 VS.), S. natans 
I (C) (15.8 kJ g−1 VS.) and S. fluitans (D) (15.5 kJ g−1 VS.). The low HHV of the dry pelagic biomass and the 
high moisture content may make drying energetically unfavourable. 
The calculated HHVs using a modified ‘DuLong equation’ were not in good agreement with the 
values determined experimentally by bomb calorimetry. The ‘DuLong equation’ has been found to 
be applicable for refuse and some agricultural wastes [126] and a study of S. muticum [32]. Yet, 
calculated HHVs from this and other studies did not give such close agreement with measured values 
[23,124]. The ‘DuLong equation’ may not always be applicable for seaweed biomass, and other 
methods of calculating HHV from the elemental composition may be more relevant [126]. The 
calculation of HHV based on the protein, lipid and carbohydrate gave a good correlation with 
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experimental data, although giving a higher result than bomb calorimetry, and this method may be 
more applicable to algal biomass. 
4.2. Methane Potential 
4.2.1. Fresh Versus Freeze Dried 
This appears to be the first study to have attempted to establish the methane potential of ‘fresh’ 
pelagic Sargassum. However, the transport of wet samples for analysis from the beaches of the Caribbean 
to appropriate laboratories can be problematic. Freeze-drying can not only reduce the mass to be 
transported but can also preserve biological materials with minimum damage from heat. Although freeze-
drying has been found to improve the MP of some microalgae [127], there is no significant difference in 
MP between fresh and freeze-dried Sargassum. This confirms the result of unpublished research at the 
University of Greenwich, which found that freeze-drying made no significant impact on the MP of S. 
muticum and similar findings on other AD feedstocks [128,129]. Thus, freeze-drying may be a suitable 
technique for preserving pelagic Sargassum for methane potential testing. 
4.2.2. Methane Potential of S. Natans VIII, S. Natans I, S. Fluitans and ‘Mixed Sargassum’ mats 
The MPs from all the substrates were considerably below the theoretical potential. The MPs relative 
to the theoretical calculated (BI) from the CNHSO using the ‘Buswell equation’ range from 17% to 39%, 
which may reflect the high content of difficult to digest fibre. Although there is considerable variability 
between species of seaweed in their BI (19–81%) [28], the figures were similar to those reported for S. 
muticum (≤27%) [30–32]. The experimental yields as a percentage of theoretical methane potential 
excluding fibre of the individual pelagic Sargassum species (35–70%) are a reasonable conversion rate of 
the digestible carbohydrate, proteins and fats. Morrison and Gray [34] found that only 45% of the VS. of 
S. fluitans was digested in AD yielding 61 mL CH4 g−1 VS. compared to 113 mL CH4 g−1 VS. in this study. 
The lower results achieved by Morrison and Gray [34] may in part be due to the partial degradation of the 
sample, which had been on the beach for some time. The recalcitrance of some of the organic polymers 
within the pelagic Sargassum may be a major reason for the low yields. Alginate and other hydrocolloids 
are difficult to breakdown without pre-treatment prior to AD [130–132]. Buffiere et al. [133] found fibrous 
content of terrestrial wastes to be inversely proportional to BI and MP. However, there is no correlation 
between the fibre content of VS. of the three species and their MPs (Coefficient of Correlation, −0.158), 
indicating that other factors are involved such as structure, fibre and carbohydrate composition and AD 
inhibitors. 
The mixed sample (A) had a methane potential that was not significantly different from the 
blank. However, the MP of a combination of S. natans VIII, S. natans I and S. fluitans in a ratio typically 
found in the waters of Turks and Caicos was very similar to that predicted from the MPs of the 
individual species. Thus, there does not appear to be a synergistic or antagonist interaction between 
the species on MP. Although total fibre of the VS. fraction of the mixed sample (A) was lower (63%) 
compared to the individual species (S. natans VIII (57%), S. natans I (58%) and S. fluitans (47%)), this 
does not adequately explain the MP equivalent to zero. It appears that inhibitors to methane 
production must be either present or present at higher levels than in individual pelagic species. A 
range of inhibitors that restrict the methane production from seaweed have been suggested, 
including high C:N ratios, sulphated organic compounds, arsenic and phenolics [60]. 
The C:N ratio plays an important role in the stability of AD digesters and maximising methane 
output, with high ratios giving a nutrient-limited environment. At the same time, too low a ratio 
(high nitrogen) can result in the inhibition of methanogens by high ammonia concentrations [134–
136]. The optimal C:N ratio for the anaerobic conversion of biomass to methane is often suggested 
~30:1 [30,137–140]. However, the optimum C:N ratio can vary with seaweed species from 14:1 to 30:1 
[134,141–143]. There was no correlation between C:N and MP (Coefficient of Correlation, 0.233), and 
as the C:N levels (16:1 to 22:1) fall between the optimum ratio found for seaweed, this may not be a 
major inhibitory factor in this study. 
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There was no correlation between sulphur content and MP (Coefficient of Correlation, 0.061), and 
the ratio of C:S is considerable above ≥40:1 recommended to reduce the problem of AD inhibition by H2S 
[138]. Iron is often used to precipitate sulphur in AD, and a molar ratio of Fe:S ≥ 1 is generally 
recommended to reduce the problem of sulphur-rich substrates [144,145]. The molar ratio of iron to 
sulphur was above one for all the samples except S. natans VIII, which had the highest MP. The sulphur 
levels found in this study (≤0.4% dw) do not appear to present a potential problem for AD. 
There were strong negative correlations with both arsenic and phenolic content with MP, with 
Coefficients of Correlation of −0.926 and −0.948. Although a high degree of correlation does not confirm 
causality, these findings are in agreement with the published literature. Arsenic can be highly inhibitory, 
depending on its form, with trivalent forms having 50% inhibitory concentrations of 0.7 and 1.1 mg L−1; 
nonetheless, there have been few studies on the effect of arsenic on AD [146,147] and especially seaweed. 
However, the highest concentration of total arsenic in the reactors for this study was 0.6 mg L−1 below the 
50% inhibitory concentration of the trivalent form of arsenic, and thus, the levels of arsenic, although 
potentially concerning, may not be inhibitory for methane production 
Phenolics have been implicated as the inhibitor of AD in some seaweed studies [25,130,148–152]. 
The phenolic may impede the hydrolysis of complex molecules in the early stages of AD, but this 
process will depend not only on the phenolic but also the substrate [130,153,154]. Although the 
information is still somewhat limited, especially on Sargassum, phenolics appear to be a significant 
factor in the low methane yield from Sargassum and in particular, the mixed mats where the phenolic 
level was highest. 
5. Conclusions 
This study has shown that there can be variations in the composition between the major species of 
pelagic Sargassum (S. natans VIII, S. natans I and S. fluitans). The composition of the ‘Mixed Sargassum’ 
mats can be substantially different from the individual species. However, there is a need to examine 
considerably more samples from various locations and seasons. The levels of heavy metals and metalloids 
examined in this study were generally at levels that should not cause concern for the use of the digestate 
from AD as a fertiliser, except for arsenic, but further work on the speciation of arsenic in Sargassum is 
required to fully determine the risk to health and agriculture. The levels of both protein and lipid were 
low, but the amino acid profile compared favourably with the ‘indispensable amino acid’ profile 
recommended by WHO, and lipids had a high proportion of PUFAs that may have health benefits. 
Nevertheless, the low HHV, lipid and protein content together with the high fibre and arsenic content 
may limit the use of Sargassum for feed applications. 
There are differences in methane production between the three species of pelagic Sargassum (S. 
natans VIII, S. natans I and S. fluitans). However, the methane yields were low relative to their 
theoretical potential for all three pelagic species. The mixed mats of Sargassum produced virtually 
no net methane, perhaps due to the high levels of phenolic. Thus, exploitation of Sargassum, and 
especially unsorted mixed mats, for biogas would appear to be very challenging. Sargassum may 
need to be pre-treated prior to AD or co-digested with other waste biomass to increase yield. 
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